The parameters affecting the production of pectate lyase from P. polymyxa N10 were studied using the response surface methodology agitation rate (X 1 , 100-300 rpm), temperature (X 2 , 25-45 o C) and pH (X 3 , 5.5-9.5). The most significant factors influencing enzyme production were temperature and pH. The second order polynomial regression model obtained was fitted and found adequate, with an R 2 of 0.9600 (p < 0.001). A maximum pectate lyase activity of 84.5 U/ml was attained in 72 h of cultivation at agitation rate 200 rpm, temperature 35 o C and pH 8. Optimizations of agitation rate and aeration on pectate lyase production were also carried out in a 5-l stirred-tank bioreactor. The aeration rate was varied in the range of 0.5-2 vvm at agitation rate of 200 rpm (temperature 35 o C and initial pH 8). At agitation rate of 200 rpm, the shear force was high and then decreased the pectate lyase activity due to its negative effect on the enzyme structure. A maximum pectate lyase activity of 110.42 U/ml in the bioreactor was close to that obtained from the shake flask fermentation study.
INTRODUCTION
Enzymes that hydrolyze pectin substances, which contribute to the structure of plant cells, are known as pectinolytic enzymes or pectinases. Based on their mode of actions, these include polygalacturonase, pectin esterase, pectin lyase and pectate lyase (PL) [1] . PL (EC4.2.2.2.) hydrolyzes the -1,4-glycosidic bond of polygalacturonate and releases unsaturated soluble oligogalacturonates [2] . PL has potential applications in cotton scouring, degumming of plant fibers, improving of fiber quality, decreasing the cationic demand of pectic solutions in paper processing, treatment of effluents from food processing industries and enhancing the fermentation step for tea and coffee processing [3] . It has been reported that PL is produced from a wide variety of microbial sources such as fungi, actinomycetes and bacteria [4] . The PL was produced by several varieties of bacteria according to the type of strain, cultivation conditions (pH, temperature, aeration, and agitation) and the growth medium composition. Therefore, these have to be specified individually for each and every single strain of interest.
Paenibacillus polymyxa N10 (from a mulberry bark) was the one which had been usefully in the production of PL [5] . The cultivation involves with many factors, such as temperature, pH, aeration rate and agitation rate, which are important and affect the growth and productivity. It is *Address correspondence to this author at the Kasetsart Agricultural and Agro-Industrial Product Improvement Institute (KAPI), Kasetsart University, 50, Chatuchak, Bangkok, 10900, Thailand; Tel./Fax. 66-2942-8599; E-mail: aappln@ku.ac.th, p_vaithanomsat@yahoo.com difficult to find the most important factors and to optimize the conditions. Response surface methodology (RSM) is an experimental strategy for seeking the optimum conditions for a multivariable system [6] . Tari et al. (2007) applied the response surface design techniques in fermentation process development for improving the production of pectinase enzyme from Aspergillus sojae ATCC 20235. As a result of this optimization, maximum pectinase activity was achieved. A 1.5-fold increase in pectinolytic enzyme secretion by Kluyveromyces wickerhamii was attained, when pH, temperature and inoculation period were optimized by RSM [7] . A 41-fold enhancement in alkaline pectinase production by Bacillus pumilus was achieved by using Burman design and RSM [8] .
The aim of this research is to apply the central composite design for examination and optimization of the fermentation conditions for PL production of P. polymyxa N10 in shake flask as well as in lab-scale bioreactor.
MATERIALS AND METHODOLOGY

Microorganism
P. polymyxa N10 was isolated from a mulberry bark by [5] and maintained on nutrient agar (NA) slants at 4 o C and also stored as glycerol stocks at -20 o C.
Pectate Lyase Production
All treatment combinations ( Table 2) were performed in 500 ml Erlenmeyer flasks containing 200 ml basal media (1.5% pectin, 0.5% monosodium L-glutamate, 0.3% ammonium sulphate, 0.08% disodium hydrogen phosphate, 0.05% magnesium phosphate, 0.02% calcium chloride and 0.24% potassium dihydrogen phosphate) [9] . The experiments were performed according to the central composite design (Tables 1 and 2) . After 72 h of incubation, each flask was assayed for enzyme activity. PL activity was determined on supernatant obtained after the centrifugation at 11380 xg for 20 min at 4 o C. 
Experimental Design
The RSM was used to investigate the effects of independent variables: agitation rate, temperature and initial pH on the responses of PL activity. Using central composite design (CCD) for 3 factors (k=3), 17 treatment combinations were generated. To set up a statistical model, five levels for each variable were chosen. The upper and lower limits of each variable were chosen to encompass the range in literature and to reflect what was done in practice after a preliminary investigation of the limits. The codes of + (+ 1.682) were designed at a distance of 1.682 (2 n/4 = 1.682 for n = 3) from the design center. The remaining levels were identified using CCD [7] . Table 1 contained the actual factor levels corresponding to the coded factor levels as followed: X 1 = (agitation rate-200)/50, X 2 = (temperature-35)/5 and X 3 = (pH-7.5)/0.5. Table 2 showed the treatment combinations and responses. From the experimental data according to this design, a second order polynomial regression model was: 
Bioreactor and k L a
A 5-l stirred tank bioreactor (STR) (BEMT-T-5L, Marubishi Co., LTD., Thailand) containing 2-l production medium and 10% pre-cultured inoculation was used to study the optimum aeration and agitation rate. Three levels of aeration rate: 0.5, 1 and 2 vvm were studied at optimum agitation rate. Estimations of biomass, pectin and PL production were carried out at every 3 h interval. The dynamic technique without microorganism was performed to calculate the k L a and nitrogen was used to elimination oxygen. The dissolved oxygen was measured with polarographic sensor. The k L a was calculated by static gassing out method using following Eq. (2).
Therefore, a plot of ln
vs. t should result in a straight line of slope k L a.
Pectate Lyase Assay
Pectate lyase activity was determined spectrophotometrically by measuring the increase in absorbance at 235 nm [5] . The reaction mixture (1 ml) containing 0.1 M NH 4 Cl-NH 4 OH buffer pH 10, 0.4% (w/v) sodium pectate and 0.04 ml of crude enzyme was incubated at 35 o C for 10 min. The reaction was terminated by adding 4 ml of 0.01 M HCl to the mixtures. Inactivated crude enzyme in boiling water for 10 min was used as control in the reaction.
One unit of pectate lyase corresponds to the amount of enzyme which lyzes a 0.4% sodium pectate solution and releases products with an absorbance increase of 0.2 at 235 nm within 10 min at pH 10.0 and 35 o C [5] .
Analysis
Total pectin content was determined according to the mhydroxydiphenyl method [10] . Cell dry weight was estimated as follow. Two milliliter sample was collected in a preweighed eppendorf tube and centrifuged at 5000 rpm for 10 min. Supernatant was discarded and the pellet was washed twice with sterile distilled water, followed by drying the pellets at 95 °C till constant weight was obtained. The result was expressed in DCW (mg/ml) [11] . Dissolved oxygen (DO) was determined using polarographic type, METTLER TOLEDO, >98% response in less than 90s.
RESULTS AND DISCUSSION
Data was analyzed using SPSS to yield regression equations (Eq. 1), regression coefficients and analysis of variance. The model was examined for lack of fit, adequacy, and efficiency. From the analysis of variance (ANOVA), the model was highly significant (p < 0.001; Table 3 ) and the R 2 value being the measure of the goodness of fit of the model, indicated that 96.00 % of the total variation was explained by the model. Coefficient estimates in the regression model was presented in Table 4 . After the treatment combinations all linear terms of the independent variables, quadratic term of agitation rate, temperature, pH and interaction terms of temperature with pH (X 2 X 3 ) were included in the model for PL production since these were significant (p < 0.05). Thus, the temperature and pH were important in the enzyme activity of P. polymyxa N10, and treating them together might reflect their true influence to the response. The optimum pH and temperature were also consistent with values those found for pectinase production at pH 8.0-8.5 and 30-37 o C, respectively [7, 8, 12] . Even though interaction terms of agitation rate with temperature (X 1 X 2 ) and interaction terms of agitation rate with pH (X 1 X 3 ) were not found statistically significant (p > 0.05). The model equations for PL activity with the coefficients in coded units of factors were given below: PL production = -1171.362 + 1.669X 1 Effect of interaction of various parameters on the PL production was studied by plotting three dimensional response curves against any two independent variables while keeping the other independent variables at their '0' levels. The shapes of contour plots indicated the nature and extent of the interactions. Prominent interactions were shown by the elliptical nature of the contour plots, while less prominent or negligible interaction would otherwise be shown by the circular nature of the contour plots [7] . In predicting the response, all three-dimensional response surface graphs and two dimensional contour plots were generated using STATISTICA for Windows (Release 5.0, Stasoft, USA). Figs. 1(a) and (b) depicted three dimensional curve and contour plot of the calculated response surface from the interaction between agitation rate and temperature while keeping pH at '0' level ( Table 1) . The response surface plot indicated an optimum PL activity around an agitation rate 170-230 rpm and temperature 33-37 o C. When the temperature was fixed at 35 o C ('0' level), a maximum of PL activity was obtained at agitation rate 180-230 rpm and pH 7.5-8.0 (Figs. 2(a) and (b) ). Figs. 3(a) and (b) showed the interaction of temperature and pH at agitation rate 200 rpm ('0' level), it was indicated that the maximum PL activity was achieved around temperature 33-37 o C and pH 7.5-8.0. Taken all together, in order to achieve a high PL activity, agitation rate of 200 rpm (X 1 ), temperature 35 o C (X 2 ) and pH 8 (X 3 ) were chosen.
This was a reconfirmation that the fitted surface had a maximum point which was agitation rate 200 rpm, temperature 35 o C and pH 8. The model predicted a maximum response of 81.3 U/ml for this point. To confirm these results, experimental rechecking was performed using a condition of fermentation representing this maximum point, and a mean value of 84.5 U/ml was obtained ( Table 5) . The good correlation between these two results confirmed the validity of response model and the model was proven to be adequate. After the enzyme production in laboratory scale was optimized, the obtained conditions were applied for up scale experiment in 5l bioreactor. The batch STR (stir tank reactor) was run with 10% inoculum for 72 h at 35 o C and pH 8 and tested three different aeration rates: 0.5, 1 and 2 vvm at agitation rate 200 rpm. Fig. 4 (a) showed the optimization of PL production in STR under aeration rate 0.5 vvm. The trend of biomass growth (DCW, g/l) was increased while PL production was found to be negatively affected at agitation rate 200 rpm. An agitation rate 200 rpm increased the amount of dissolved oxygen and dispersion of macromolecules in the medium. It might, therefore, contribute to the greater growth but not for the enzyme production. The shearing effect induced by higher agitation rate on the enzyme inactivation might contribute negatively toward enzyme stability [13] . It had been reported in Paenibacillus sp. fermentation that increasing agitation rate might bring Fig. (1) . Response surface (a) and Contour plots (b) for the interaction of agitation rate and temperature at pH 7.5 on pectate lyase activity of P. polymyxa N10 after 72 h of incubation. The values in the figure indicated the level of pectate lyase activity (U/ml). about many negative effects such as change in cell morphological state, cell autolysis and then decrease in enzyme productivity [14] . The same phenomena were observed for enzyme production in this study. The shear force was high and therefore decreased the pectate lyase activity due to its negative effect on the enzyme structure. As a result, the agitation rate was decreased at 150 and 120 rpm and aeration rate at 0.5, 1 and 2 vvm. As shown in Fig. 4(b) , it could be seen that there was an increase in the enzyme production with the decrease of agitation rate at 150 rpm and aeration at 0.5 vvm. The maximum achieved activity was 110.42 U/ml after 72 h of fermentation. The maximum enzyme activities at agitation rate 120 rpm and aeration rates 1.0 and 2.0 vvm were 79.25 and 98.43 U/ml, respectively ( Table 6 ). The trend of PL production was similar in agitation rate 120 rpm; aeration rate 1.0 vvm and 2.0 vvm, showing a growthassociated type of behavior could still be observed for the two aeration rates studied (Figs. 4(c) and (d) ). Besides, it was obvious from the given biomass growth data that aeration rate was crucial for better oxygen and nutrient transfer rate during the entire period of operation. However, high aeration rate was found to inhibit pectate lyase at aeration rate above 1.0 vvm. The scaling up of enzyme production form flask to lab scale bioreactor and from lab scale bioreactor to pilot plant and subsequently to industrial level have been generally based on the volumetric oxygen transfer coefficient (K L a) [11] . The K L a values were estimated by static gassing out method for all batches and the data was reported in Table 6 . The maximum K L a value (37.08 h -1 ) was found at 150 rpm and 0.5 vvm. At 120 rpm of agitation rate, as the aeration rate increased from 1.0 and 2.0 vvm, the K L a values also increased to 31.68h -1 and 32.76h -1 , respectively.
The optimum operation condition for PL production by P. polymyxa N10 arising from this study was as follows: temperature 35 o C, pH 8, agitation rate 150 rpm and aeration rate 0.5 vvm. Under this condition, the enzyme production could be completed within 72 h and the maximum PL activity was 110.42 U/ml and K L a value was 37.08 h -1 . 
CONCLUSION
At present, no reports are available in literature regarding the optimization of fermentation condition for PL enzyme production by P. polymyxa N10. Therefore, this study will serve as a base knowledge of initial studies in this field. These optimization experiments, the optimal conditions for maximum PL enzyme activity (84.5 U/ml) were to use agitation rate at 200 rpm (X 1 ), temperature 35 o C (X 2 ) and pH 8 (X 3 ). The experimental results clearly showed that the PL production is dependent mainly on temperature and pH. The temperature and pH had the most significant positive effect on PL production. Though, the statistically designed optimization, the PL activity could be closed from average of 81.3 U/ml in predicting experiments to average of 84.5 U/ml in the optimization experiments. The model equation was useful to predict the results of experiments, as in PL activity it was shown that the experimental result and the predicted PL values were not different. These results indicated that RSM was useful for optimization of PL production in stirrer tank reactor. Under this condition, the effects of agitation rate and aeration rate were optimized in 5-1 bioreactor and shown to be significant for enzyme production. The best condition found after an optimization study in a 5-l bioreactor was: 150 rpm agitation, 0.5 vvm aeration with a production of 110.42 U/ml and maximum K L a value 37.08h
1 .
